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(57) ABSTRACT

According to one embodiment, an X-ray diagnostic apparatus
includes an X-ray tube, an X-ray detector and processing
circuitry. The X-ray tube exposes an X-ray toward an object.
The X-ray detector acquires two X-ray detection data sets by
counting X-ray photons, having transmitted the object, in at
least two X-ray energy bands depending on a K absorption
edge of an X-ray absorber taken into the object. The process-
ing circuitry is configured to input information to specify the
X-ray absorber, set the at least two X-ray energy bands based
on the input information to specify the X-ray absorber and
generate at least one frame of X-ray image data by data
processing including subtraction processing of the two X-ray
detection data sets. The X-ray absorber has been depicted in
the at least one frame of the X-ray image data.
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X-RAY DIAGNOSTIC APPARATUS AND
X-RAY DIAGNOSTIC METHOD

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This is a continuation of Application PCT/IP2014/
64022, filed on May 27, 2014.

[0002] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2013-
111977 filed on May 28, 2013; the entire contents of which
are incorporated herein by reference.

FIELD

[0003] Embodiments described herein relate generally to
an X-ray diagnostic apparatus and an X-ray diagnostic
method.

BACKGROUND

[0004] As a diagnostic method by an X-ray diagnostic
apparatus, the K absorption edge subtraction method has been
devised. The K absorption edge is a discontinuous point in the
energy direction of X-ray photons which exist in an X-ray
absorption characteristic of a substance. The energy at the K
absorption edge of iodine used as a contrast agent is about
33.169 keV.

[0005] In the conventional K absorption edge subtraction
method, an X-ray which has an energy slightly lower than the
energy at a K absorption edge and an X-ray which has an
energy slightly higher than the energy at the K absorption
edge are emitted at a short time interval, using an X-ray
source which generates highly monochromatic X-rays. Then,
subtraction processing of two frames of X-ray image data
acquired by exposing X-rays which have different energies is
performed.

[0006] When an interval of imaging by exposing X-rays
which have two energies is sufficiently short, compared to a
moving speed of a human body, the human body can be
considered as static. While the X-ray absorption characteris-
tic of iodine is significantly different between energies lower
and higher than the K absorption edge, the X-ray absorption
characteristics of substances constituting a human body are
approximately equal. Accordingly, the K absorption edge
subtraction method allows removing the structure of a human
body from image data.

PRIOR TECHNICAL LITERATURE

[0007] [Patent literature 1] JPA 2004-8460
[0008] [Patent literature 2] JPA 2004-325183
[0009] However, the conventional K absorption edge sub-

traction method requires a special X-ray source with high
monochromaticity. In general, although a synchrotron radia-
tion X-ray source is necessary, the synchrotron radiation
X-ray source cannot be used in general hospitals.

[0010] Furthermore, the conventional K absorption edge
subtraction method has a problem that the structure of a
human body remains in subtraction image data when the
human body moves to a non-negligible extent between expo-
sures of X-rays having different energies.

[0011] Thus, an object of the present invention is to provide
an X-ray diagnostic apparatus and an X-ray diagnostic
method which can acquire X-ray image data, where the struc-
ture of a human body has been removed enough and an
interested substance, such as a contrast agent, has been
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depicted more clearly, using a practical configuration by tak-
ing advantage of the K absorption edge of the interested
substance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In the accompanying drawings:

[0013] FIG. 1 is a configuration diagram of an X-ray diag-
nostic apparatus according to an embodiment of the present
invention;

[0014] FIG. 2 shows an example of detailed structure of the
X-ray detector shown in FIG. 1;

[0015] FIG. 3 is a detailed configuration diagram of the
medical image processing apparatus shown in FIG. 1;
[0016] FIG. 4 shows an example of relationship between
discriminated energies of X-ray photons and threshold volt-
ages set in the threshold setting part shown in FIG. 3;

[0017] FIG. 5 shows the X-ray absorption characteristic of
iodine used as a contrast agent in X-ray imaging by the X-ray
diagnostic apparatus shown in FIG. 1;

[0018] FIG. 6 shows an example of equally setting energy
bands of X-ray photons to be discriminated in the X-ray
detector shown in FIG. 2;

[0019] FIG. 7 shows an example of setting energy bands of
X-ray photons to be discriminated in the X-ray detector
shown in FIG. 2, according to the K absorption edge of
iodine;

[0020] FIG. 8 shows the first example of detailed setting of
two energy bands, bounded by the energy Ek at the K absorp-
tion edge, out of the energy bands shown in FIG. 7;

[0021] FIG. 9 shows the second example of detailed setting
of two energy bands, bounded by the energy Ek at the K
absorption edge, out of the energy bands shown in FIG. 7;
[0022] FIG. 10 shows an example oftable to be stored in the
threshold storage part shown in FIG. 3;

[0023] FIG. 11 shows an example of setting four energy
bands, as counting targets of the number of X-ray photons, in
the threshold setting part shown in FIG. 3;

[0024] FIG. 12 shows an example of setting three energy
bands, as counting targets of the number of X-ray photons, in
the threshold setting part shown in FIG. 3;

[0025] FIG. 13 shows an influence of fluctuation on a num-
ber counting result of monochromatic X-ray photons;

[0026] FIG. 14 shows an example of setting the i-th energy
band and the (i+1)-th energy band so that influence of fluc-
tuation is reduced, by the threshold setting part shown in FI1G.
3;

[0027] FIG. 15 shows an example of setting two sets of two
X-ray energy bands, as counting targets of the number of
X-ray photons, by the threshold setting part shown in FIG. 3;
[0028] FIG. 16 shows processing performed in the subtrac-
tion processing part shown in FIG. 3; and

[0029] FIG. 17 shows an example of table showing thresh-
old voltages to be stored in the threshold storage part shown
in FIG. 3.

DETAILED DESCRIPTION

[0030] In general, according to one embodiment, an X-ray
diagnostic apparatus includes an X-ray tube, an X-ray detec-
tor and processing circuitry. The X-ray tube exposes an X-ray
toward an object. The X-ray detector acquires two X-ray
detection data sets by counting X-ray photons, having trans-
mitted the object, in at least two X-ray energy bands depend-
ing ona K absorption edge of an X-ray absorber taken into the
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object. The processing circuitry is configured to input infor-
mation to specify the X-ray absorber, set the at least two
X-ray energy bands based on the input information to specify
the X-ray absorber and generate at least one frame of X-ray
image data by data processing including subtraction process-
ing of the two X-ray detection data sets. The X-ray absorber
has been depicted in the at least one frame of the X-ray image
data.

[0031] Further, according to one embodiment, an X-ray
diagnostic method includes: inputting information to specify
an X-ray absorber taken into an object; setting at least two
X-ray energy bands, depending on a K absorption edge of the
X-ray absorber, based on the input information to specify the
X-ray absorber; exposing an X-ray toward the object; acquir-
ing two X-ray detection data sets by counting X-ray photons,
having transmitted the object, in the at least two X-ray energy
bands; and generating at least one frame of X-ray image data
by data processing including subtraction processing of the
two X-ray detection data sets. The X-ray absorber is depicted
in the at least one frame of the X-ray image data.

[0032] An X-ray diagnostic apparatus and an X-ray diag-
nostic method according to embodiments of the present
invention will be described with reference to the accompany-
ing drawings.

[0033] (Configuration and Function)

[0034] FIG. 11is a configuration diagram of an X-ray diag-
nostic apparatus according to an embodiment of the present
invention.

[0035] An X-ray diagnostic apparatus 1 includes an imag-
ing system 2, a control system 3, a data processing system 4,
an input circuit 5, and a display 6. The imaging system 2 has
an X-ray exposure part 7, an X-ray detector 8, a driving
mechanism 9, and a bed 10. The control system 3 has a high
voltage generator 3A, an imaging position control circuit 3B,
and a system control circuit 3C.

[0036] The X-ray exposure part 7 includes an X-ray tube
and a beam filter. The X-ray exposure part 7 is disposed
opposite to the X-ray detector 8 so that the X-ray exposure
part 7 and the X-ray detector 8 lie at both sides of an interja-
cent object O set on the bed 10. The X-ray exposure part 7 and
the X-ray detector 8 can change their angles and relative
positions to the object O, with keeping a relative position
between the X-ray exposure part 7 and the X-ray detector 8,
by driving of the driving mechanism Specifically, the X-ray
exposure part 7 and the X-ray detector 8 are fixed to both ends
of'a C-shaped arm which has a rotation function. The X-ray
exposure part 7 is configured to expose an X-ray from a
predetermined angle toward the object O with the X-ray tube
so that the X-ray which has transmitted the object O can be
detected by the X-ray detector 8.

[0037] The driving mechanism 9 can adjust an inclination
and a position of a top plate of the bed 10. Furthermore, a
contrast agent injector 13 for injecting a contrast agent into
the object O set on the bed 10 is installed near the object O.
[0038] FIG. 1 shows an example of the X-ray diagnostic
apparatus 1 for circulatory organs. The X-ray exposure part 7,
the X-ray detector 8, and the bed 10 may be disposed differ-
ently depending on an intended purpose, such as for breast
imaging.

[0039] The high voltage generator 3A of the control system
3 applies a high voltage to the X-ray tube of the X-ray expo-
sure part 7 to expose an X-ray having a desired energy toward
the object O. The imaging position control circuit 3B outputs
control signals to the driving mechanism 9 to control the
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driving mechanism 9. Specifically, a rotation angle and a
position of the X-ray exposure part 7 and the X-ray detector 8,
and an inclination and a position of the top plate of the bed 10
are controlled by control signals which are output to the
driving mechanism 9 from the imaging position control cir-
cuit 3B.

[0040] The system control circuit 3C controls elements of
the X-ray diagnostic apparatus 1, including the high voltage
generator 3A, the imaging position control circuit 3B, and the
data processing system 4.

[0041] The data processing system 4 generates X-ray
image data showing characteristic information of the object
O, based on X-ray detection data detected by the X-ray detec-
tor 8. The data processing system 4 can be configured by a
computer 15. The computer 15 functions as a medical image
processing apparatus 15 by executing a medical image pro-
cessing program. That is, the medical image processing appa-
ratus 15 is built in the X-ray diagnostic apparatus 1.

[0042] Note that, an independent medical image processing
apparatus having similar functions may also be coupled to the
X-ray diagnostic apparatus 1 through a network. In that case,
the independent medical image processing apparatus has a
function as a data obtaining part which is configured to obtain
X-ray detection data from the X-ray diagnostic apparatus 1
through the network. As described above, the medical image
processing apparatus 15 built in the X-ray diagnostic appara-
tus 1 or a medical image processing apparatus coupled to the
X-ray diagnostic apparatus 1 through a network can be con-
figured by processing circuitry, such as a computer.

[0043] Next, configurations and functions of the X-ray
detector 8 will be described.

[0044] FIG. 2 shows an example of detailed structure of the
X-ray detector 8 shown in FIG. 1.

[0045] The X-ray detector 8 is composed using photon
counting type image sensors 20 arrayed two-dimensionally.
Each of the image sensors 20 corresponds to a pixel. There-
fore, the same number of the image sensors 20 as the number
of pixels are arranged.

[0046] Therefore, when pixels of the X-ray detector 8 are
one dimension, the X-ray detector 8 can be configured by
arraying the image sensors 20 in one dimension. Note that, an
example case where the X-ray detector 8 has practical two
dimensional pixels will be described here.

[0047] Each ofthe image sensors 20 has a function to detect
incident X-ray photons and count the X-ray photons for every
energy level. Therefore, each of the image sensors 20 dis-
criminates energies of incident X-ray photons. Specifically,
each of the image sensors 20 generates an electric pulse
depending on an energy of an incident X-ray photon, classi-
fies pulse heights of the generated electric pulses into levels,
and performs processing of counting the classified electric
pulses for every level. Note that, noises can be reduced by not
counting each electric pulse whose wave height value is
smaller than a predetermined threshold.

[0048] In the example shown in FIG. 2, each of the image
sensors 20 is composed of a semiconductor cell 21, a charge
amplifier 22, a waveform shaping circuit 23, comparators 24,
switches 25, a threshold logic circuit 26, and counters 27, in
order to have the functions as described above.

[0049] The semiconductor cell 21 can be configured by a
cadmium telluride (CdTe) semiconductor, a cadmium zinc
telluride (CdZnTe) semiconductor, a silicon (Si) semiconduc-
tor or the like. The output side of the semiconductor cell 21 is
coupled to the charge amplifier 22.
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[0050] The charge amplifier 22 charges up an electric
charge collected in response to an X-ray photon incident on
the semiconductor cell 21, and outputs the charged up electric
charge as a pulse signal having an electric quantity. The
output side of the charge amplifier 22 is coupled to the wave-
form shaping circuit 23.

[0051] The waveform shaping circuit 23 adjusts frequency
characteristic of each pulse signal output from the charge
amplifier 22, and shapes a waveform of each pulse signal by
giving a gain and an offset. A gain and an offset for waveform
shaping are adjusted so that non-uniformity in inherent char-
acteristics of the semiconductor cell 21 and the charge ampli-
fier 22 is reduced. Thereby, a pulse signal output from the
waveform shaping circuit 23 has a characteristic correspond-
ing to an amount of energy of an X-ray photon incident on the
semiconductor cell 21.

[0052] The output side of the waveform shaping circuit 23
is coupled to the m pieces of comparators 24 which are
coupled to each other in parallel. The switch 25 is connected
with the subsequent part of each of the m comparators 24.
Thus, a pulse signal output from the waveform shaping circuit
23 passes through either one of the comparators 24, depend-
ing on the corresponding amount of energy of X-ray photon.
Then, the pulse signal switches the switch 25, coupled to the
comparator 24 through which the pulse signal has passed, to
ON.

[0053] Specifically, threshold voltages TH1, TH2, TH3, . .
., THm, which are different from each other, are applied to
reference input terminals of the comparators 24 respectively.
That is, an amplitude of a pulse signal which is input to each
of'the comparators 24 is compared with each of the threshold
voltages TH1, TH2, TH3, . . ., THm. As a result, only a pulse
signal exceeding one of the threshold voltages TH1, TH2,
TH3, ..., THm, is output from the corresponding comparator
24, and switches the switch 25 coupled to the corresponding
comparator 24 to ON. Note that, pulse signals each having an
amplitude not more than the smallest threshold voltage TH1
are considered as noises and removed.

[0054] The input side of the threshold logic circuit 26 is
coupled to the switches 25. Meanwhile, the output side of the
threshold logic circuit 26 is coupled to the counters 27, cor-
responding to energy bands of X-ray photons to be discrimi-
nated, which are in parallel. The threshold logic circuit 26
measures between which threshold voltages TH1, TH2, TH3,
..., THm an amplitude of a pulse signal is, by determining
whether each of the switches 25 has been switched to the ON
state. Each measurement result of an amplitude of a pulse
signal in the threshold logic circuit 26 is output as an energy
discrimination signal to the corresponding one of the counters
27.

[0055] Thereby, the counters 27 can count the number of
X-ray photons incident on the semiconductor cell 21 for every
energy band. The respective counters 27 output number
counting results of X-ray photons as digital data. Therefore,
each image sensor 20 corresponding to one pixel of the X-ray
detector 8 outputs number counting results, corresponding to
energy bands, as X-ray detection data.

[0056] When the number of energy bands of X-ray photons
to be discriminated and the counters 27 in each of the image
sensors 20 of the X-ray detector 8 are n, a number counting
signal C(xp, E,) which is output from the i-th counter 27 as a
number counting result is expressed by expression (1).

Clxp,E)=l,dE-¢(E)-Matt(E)-Patt(E,xp)-Dabs(E,xd) (€8]
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[0057] wherein

[0058] xp: athickness of substances constituting the object
O on a path of an X-ray,

[0059] E: an energy of an X-ray photon,

[0060] E,: the central energy of the i-th energy band to be
discriminated in the image sensor 20,

[0061] [dE: an integration from (E,~AE/2) to (E,+AFE/2),
[0062] AE:awidth of an energy band to be discriminated in
the image sensor 20,

[0063] ¢(E): an energy density of an X-ray photon, having
the energy E, which has been emitted from the X-ray tube
toward a corresponding pixel and transmitted a beam filter,
[0064] Matt(E): an absorption characteristic, to an X-ray
having the energy E, by X-ray absorbers which exist between
the X-ray tube and a detection plane of the X-ray detector 8,
[0065] Patt(E, xp): an absorption characteristic, to an X-ray
having the energy E, by the object O,

[0066] Dabs(E, xd): an absorption characteristic, to an
X-ray having the energy E, by the X-ray detector 8, and

[0067] xd: a thickness of substances constituting the X-ray
detector 8.
[0068] Examples of an X-ray absorber include a top plate,

abucky cover, an X-ray transmission part of a grid, a cover on
an incident part of the X-ray detector 8, and a press plate used
for a breast imaging apparatus.

[0069] Since the function in the integration in expression
(1) is continuous, there is an energy E,' (E,—~AE/2<E,'<E +AE/
2) which has expression (2) to be satisfied.

Clxp,E)=(E;)Matt(E;) Patt(E;' xp)Dabs(E;" xd)-AE 2)

[0070] Inexpression (2), ¢(E")-AE corresponds to the num-
ber of X-ray photons in the i-th energy band. Thus, when
¢o(E,)-AE is represented as N(i), the number counting signal
C(xp, E,) which is output from the counter 27 is expressed by
expression (3).

Clxp,E)=N@)Matt(E;) Patt(E;' p) Dabs(E; xd) 3)
[0071] wherein
[0072] N(i): the number of X-ray photons in the i-th energy

band, out of X-ray photons emitted from the X-ray tube
toward a corresponding pixel.

[0073] Similarly, when a contrast agent is included in the
object O, the number counting signal C(xp, xc, E,), which is
output as a number counting result of X-ray photons in the i-th
energy band, is expressed by expression (4).

Clxp,xc,E;)=N(@)yMatt(E;) Patt(E; \xp) Catt(E; xc)

-Dabs(E;"xd) (©)]
[0074] wherein
[0075] xp: athickness of substances constituting the object

O on a path of an X-ray,

[0076] xc: a thickness of a substance constituting the con-
trast agent on a path of an X-ray,

[0077] E,: the central energy of the i-th energy band to be
discriminated in the image sensor 20,

[0078] AE: awidth of an energy band to be discriminated in
the image sensor 20,

[0079] N(i): the number of X-ray photons in the i-th energy
band, out of X-ray photons emitted from the X-ray tube
toward a corresponding pixel,

[0080] Matt(E,): an absorption characteristic of X-ray cor-
responding to the energy E,' by X-ray absorbers which exist
between the X-ray tube and the detection plane of the X-ray
detector 8,
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[0081] Patt(E,, xp): an absorption characteristic of X-ray
corresponding to the energy E,' by the object O,

[0082] Catt(E,, xc): an absorption characteristic of X-ray
corresponding to the energy E,' by the contrast agent,

[0083] Dabs(E,', xd): an absorption characteristic of X-ray
corresponding to the energy E,' by the X-ray detector 8, and

[0084] xd: a thickness of substances constituting the X-ray
detector 8.
[0085] Examples of a contrast agent include iodine,

barium, and gadolinium. A drug containing a heavy metal or
a device inserted into a blood vessel can also be treated in
calculation similarly to a contrast agent. Examples of a device
include a catheter, a guide wire, and a stent.

[0086] The X-ray absorption characteristic Patt(E,', xp) by
the object O, the X-ray absorption characteristic Catt(E,', xc)
by a contrast agent, and the X-ray absorption characteristic
Dabs(E,, xd) by the X-ray detector 8, which are included as
parameters in the above-mentioned expressions, are
expressed by expression (5), expression (6), and expression
(7), respectively.

Pate(Ei’ xp)=exp{-up(E;)*p} ®)
Catt(E;' xc)=exp{-pc(E;)xc} (6)
Dabs(E; xd)=1-exp{-nd(E;)xd} 7
[0087] wherein
[0088] pp(E"): an X-ray absorption coefficient, corre-
sponding to the energy E,', of substances constituting the
object O,
[0089] pc(E,): an X-ray absorption coefficient, corre-

sponding to the energy E,', of substances constituting a con-
trast agent, and

[0090] pd(E"): an X-ray absorption coefficient, corre-
sponding to the energy E/, of substances constituting the
X-ray detector 8.

[0091] The substances constituting the object O include
hydrogen H, carbon C, oxygen O, and nitrogen N. That is, the
object O strictly consists of a plurality of substances. How-
ever, X-ray image data are generated without distinguishing
the substances constituting the object O in the conventional
X-ray diagnostic apparatus. Therefore, the substances consti-
tuting the object O are treated as one typical element or one
virtual average element here, from a viewpoint of generating
X-ray image data which have characteristics similar to those
of X-ray image data acquired by the conventional X-ray diag-
nostic apparatus. Since a material constituting a detection
layer of the X-ray detector 8 is not changed in many cases, the
material of the detection layer is not shown as a function
argument.

[0092] Next, functions of the medical image processing
apparatus 15 will be described.

[0093] FIG. 3 is a detailed configuration diagram of the
medical image processing apparatus 15 shown in FIG. 1.
[0094] The medical image processing apparatus 15 has a
subtraction processing part 30, a control signal generation
part 31, athreshold setting part 32, a threshold storage part 33,
an X-ray image generation part 34, a calibration data storage
part 35, an absorption coefficient storage part 36, an image
data storage part 37, an image composition part 38, a com-
pression processing part 39, a filter processing part 40, and a
display processing part 41.

[0095] Note that, elements having functions to store infor-
mation, such as the threshold storage part 33, the calibration
data storage part 35, the absorption coefficient storage part
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36, and the image data storage part 37, can be configured by
atleast one storage circuit included in the processing circuitry
which configures the medical image processing apparatus 15.
Alternatively, the elements having functions to store informa-
tion, such as the threshold storage part 33, the calibration data
storage part 35, the absorption coefficient storage part 36, and
the image data storage part 37, may also be configured by at
least one storage circuit which has been installed separately
from the processing circuitry configuring the medical image
processing apparatus 15. Furthermore, the processing cir-
cuitry configuring the medical image processing apparatus 15
may also be integrated with circuitry configuring the system
control circuit 3C, the imaging position control circuit 3B
and/or the like of the control system 3.

[0096] The control signal generation part 31 has a function
to control the X-ray exposure part 7 and the driving mecha-
nism 9 through the high voltage generator 3A and the imaging
position control circuit 3B by outputting control signals
depending on examination information to the system control
circuit 3C of the control system 3.

[0097] The threshold setting part 32 has a function to set
threshold values for discriminating energies of X-ray photons
in each of the image sensors 20 of the X-ray detector 8, and
apply the threshold voltages TH1, TH2, TH3, . . . , THm
corresponding to the set threshold values to the comparators
24 respectively. That is, energy bands for discriminating
X-ray photons can be determined by setting the threshold
voltages TH1, TH2, TH3, . . . , THm in the threshold setting
part 32.

[0098] FIG. 4 shows an example of relationship between
discriminated energies of X-ray photons and threshold volt-
ages set in the threshold setting part 32 shown in FIG. 3.
[0099] InFIG. 4, the horizontal axis shows energies [keV]
of X-ray photons incident on each image sensor 20 of the
X-ray detector 8 while the vertical axis shows threshold volt-
ages [V] applied to the comparators 24 of each image sensor
20. As shown in FIG. 4, boundaries of energy bands can be
variably set by adjusting threshold voltages applied to the
comparators 24.

[0100] In particular, the threshold setting part 32 is config-
ured to determine two energy bands near a K absorption edge
by adjusting threshold voltages so that subtraction image data
can be generated by the K absorption edge subtraction
method. That is, the threshold setting part 32 has a function as
an energy band setting part which is configured to set two
X-ray energy bands depending on a K absorption edge of an
X-ray absorber of interest injected or inserted into the object
O. Therefore, in the case of X-ray imaging by the K absorp-
tion edge subtraction method, the X-ray detector 8 acquires
two X-ray detection data sets by counting X-ray photons
transmitted the object O in two energy bands at each of pixel
positions.

[0101] FIG. 5 shows the X-ray absorption characteristic of
iodine used as a contrast agent in X-ray imaging by the X-ray
diagnostic apparatus 1 shown in FIG. 1.

[0102] InFIG. 5, the horizontal axis shows energies [key]
of X-ray photons while the vertical axis shows absorption
coeflicients [cm?/g] of X-ray photons by iodine. As shown in
FIG. 5, the absorption coefficients of X-ray photons by iodine
becomes discontinuous in the energy direction of X-ray pho-
tons. The energy at the discontinuous point of the absorption
coefficients of X-ray photons is called K absorption edge. The
energy at the K absorption edge of iodine used as a contrast
agent is 33.1694 keV.
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[0103] As a contrast agent, xenon whose energy at the K
absorption edge is 34.5614 keV, barium whose energy at the
K absorption edge is 37.4406 keV, and gadolinium whose
energy at the K absorption edge is 50.2391 keV are typical
besides iodine. Furthermore, gold whose energy at the K
absorption edge is 80.7249 keV is generally used as a medi-
cine or a mark on the tip of a guide wire, which can be treated
similarly to a contrast agent.

[0104] Inorder to generate subtraction image data by the K
absorption edge subtraction method, it is necessary to count
the number of X-ray photons each having an energy higher
than the energy at the K absorption edge of a contrast agent
exemplified in FIG. 5 and the number of X-ray photons each
having an energy lower than the energy at the K absorption
edge of the contrast agent, respectively, to perform subtrac-
tion processing thereof.

[0105] Therefore, it is important to set divided n energy
bands so that the i-th energy band out of the n energy bands
becomes lower than an energy Ek at the K absorption edge of
a contrast agent while the (i+1)-th energy band becomes
higher than the energy Ek at the K absorption edge of the
contrast agent. However, the boundary between the i-th
energy band and the (i+1)-th energy band has no relation with
the energy Ek at the K absorption edge of the contrast agent.
Therefore, when energy bands are set arbitrarily, the energy
Ek at the K absorption edge of the contrast agent is to be
included in the i-th or the (i+1)-th energy band.

[0106] FIG. 6 shows an example of equally setting energy
bands of X-ray photons to be discriminated in the X-ray
detector 8 shown in FIG. 2.

[0107] InFIG. 6, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 and trans-
mitted an aluminum filter having a thickness of 2.5 mm. In
FIG. 6, the dashed-dotted line shows the normalized number
of counted X-ray photons when iodine exists on the X-ray
path while the dashed-two dotted line shows the normalized
number of counted X-ray photons when iodine does not exist
on the X-ray path.

[0108] Asshownin FIG. 6, when iodine exists on the X-ray
path, the discontinuous point corresponding to the K absorp-
tion edge of iodine appears on the X-ray spectrum. Such an
X-ray spectrum can be obtained by measurement or a simu-
lation based on design specifications. Here, when boundaries
of the energy bands of X-ray photons are set at an equal
interval as shown by the dotted lines, the energy Ek at the K
absorption edge is included in one of the energy bands.
[0109] Thus, the threshold setting part 32 is configured to
set two energy bands based on information which has been
input from the input circuit 5 and specifies an X-ray absorber,
such as a contrast agent. Specifically, the threshold setting
part 32 has a function as an input part configured to input
information, specifying an X-ray absorber of interest, such as
a contrast agent, a medicine, or a device, which has been sent
into the object O and exists in the object O, from the input
circuit 5. The threshold setting part 32 also has a function to
set two energy bands as threshold voltages applied to the
comparators 24 of the X-ray detector 8 so that the energy at
the K absorption edge of the X-ray absorber specified based
on the input information specifying the X-ray absorber
becomes the boundary of the two energy bands.

[0110] Anenergy spectrum near the K absorption edge also
changes depending on imaging conditions, such as a tube
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voltage applied to the X-ray tube and a type of a beam filter,
which determine radiation quality of X-rays. Thus, the
threshold setting part 32 is configured to obtain imaging
conditions to determine radiation quality of X-rays, such as a
tube voltage applied to the X-ray tube and a type of a beam
filter, from the control signal generation part 31.

[0111] Hereinafter, an example case where an X-ray
absorber of interest in the object O is mainly a contrast agent
will be described.

[0112] FIG. 7 shows an example of setting energy bands of
X-ray photons to be discriminated in the X-ray detector 8
shown in FIG. 2, according to the K absorption edge of iodine.
[0113] InFIG. 7, the horizontal axis shows energies [key]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 and trans-
mitted an aluminum filter having a thickness of 2.5 mm. In
FIG. 7, the dashed-dotted line shows the normalized number
of counted X-ray photons when iodine exists on the X-ray
path while the dashed-two dotted line shows the normalized
number of counted X-ray photons when iodine does not exist
on the X-ray path.

[0114] As shown in FIG. 7, the boundary between the i-th
energy band and the (i+1)-th energy band can be made coin-
cide with the energy Ek at the K absorption edge by adjusting
threshold voltages applied to the comparators 24 of the X-ray
detector 8.

[0115] Note that, energy bands of X-ray photons has con-
flicting requests. One request is that it is preferable to set the
width of each energy band as wide as possible in order to
increase the number of photons to be counted in each energy
band so that quantum noises can be reduced. Conversely, the
other request is that it is preferable to set the width of each
energy band as narrow as possible so that a ratio of X-ray
photons to be counted in the i-th and (i+1)-th two energy
bands lower and higher than the energy Ek at the K absorption
edge becomes large.

[0116] Thus, the threshold setting part 32 is configured to
set two energy bands, i.e., the i-th and (i+1)-th energy bands
bounded by the energy Ek at the K absorption edge, whose
bandwidths are set so that a ratio of the numbers of respective
X-ray photons counted in the two energy bands becomes
large, and the number of X-ray photons counted in each of the
two energy bands increases.

[0117] FIG. 8 shows the first example of detailed setting of
two energy bands, bounded by the energy Ek at the K absorp-
tion edge, out of the energy bands shown in FIG. 7.

[0118] InFIG. 8, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
aluminum filter having a thickness of 2.5 mm and transmitted
iodine.

[0119] As shown in FIG. 8, the maximum bandwidth
W, ... can be set to a width W, of the i-th energy band in the
lower energy side bounded by the energy Ek at the K absorp-
tion edge. Similarly, the maximum bandwidth W, , . can
besettoawidth W,, | of the (i+1)-th energy band in the higher
energy side bounded by the energy Ek at the K absorption
edge. Then, the width W, of the i-th energy band can be set to
anappropriate width by setting the width W, ofthe i-th energy
band not more than the maximum bandwidth W, Simi-

i_max®

larly, the width W,, | of the (i+1)-th energy band can be set to
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an appropriate width by setting the width W, | of the (i+1)-th
energy band not more than the maximum bandwidth W,

[0120] AsshowninFIG. 8, the maximum bandwidthW,,,
max OF the (i+1)-th energy band is appropriate to be set from
the energy Ek at the K absorption edge, toward the positive
direction of the energy axis, to an energy E_B(i+1) max at
which the number of photons becomes same as the local
maximum value s_k1 of the number of X-ray photons atthe K
absorption edge. Meanwhile, the maximum bandwidth
W, e Of the i-th energy band is appropriate to be set from
the energy Ek at the K absorption edge, toward the negative
direction of the energy axis, to an energy E_Bi_min at which
the number of photons becomes same as the local minimum
value s_k2 of the number of X-ray photons at the K absorp-
tion edge.

[0121] That is, it is preferable to limit each of the width W,
of the i-th energy band and the width W,,, of the (i+1)-th
energy band to an energy range in which photons whose
number is between the local maximum value s_k1 and the
local minimum value s_k2 of the number of X-ray photons at
the K absorption edge are emitted from the X-ray tube. When
the width W, of the i-th energy band and the width W, ; of the
(i+1)-th energy band are set by the method as described
above, a ratio of the numbers of X-ray photons to be counted
in the i-th and (i+1)-th energy bands can be enlarged with
securing the number of the X-ray photons to be counted in
each of the energy bands.

[0122] FIG. 9 shows the second example of detailed setting
of two energy bands, bounded by the energy Ek at the K
absorption edge, out of the energy bands shown in FIG. 7.

[0123] InFIG. 9, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
aluminum filter having a thickness of 2.5 mm and transmitted
iodine.

[0124] AsshowninFIG.9,1in a certain X-ray spectrum, the
local maximum value s_k1 of the number of X-ray photons at
the K absorption edge may become the maximum value of the
X-ray spectrum. In that case, an energy when the number of
photons becomes same as the local maximum value s_k1 of
the number of X-ray photons at the K absorption edge does
not exist in the higher energy side than the energy Ek at the K
absorption edge. Thus, the maximum bandwidth W,,, ... of
the (i+1)-th energy band can be set as a predetermined width.
Alternatively, the maximum bandwidth W, _, .. of the
(i+1)-th energy band may also be set to a width depending on
an X-ray spectrum. For example, as shown in FIG. 9, the
maximum bandwidth W, ... of the (i+1)-th energy band
may also be set from the energy Ek at the K absorption edge,
toward the positive direction of the energy axis, to the energy
E_B(i+1)_max when the number of X-ray photons becomes
the local maximum value in the higher energy side than the
energy Ek at the K absorption edge.

[0125] The width Wi of the i-th energy band and the width
Wi+1 of the (i+1)-th energy band which should be set in the
threshold setting part 32 can be previously determined for
every type of contrast agent and every radiation quality of
X-rays, and can be stored as a table at the threshold storage
part 33. A radiation quality of X-rays is determined by a tube
voltage to be applied to the X-ray tube and a type of a beam
filter.
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[0126] FIG. 10 shows an example oftable to be stored in the
threshold storage part 33 shown in FIG. 3.

[0127] Asshownin FIG. 10, the appropriate width W, of the
i-th energy band and the appropriate width W,, | of the (i+1)-
th energy band related to every substance constituting an
X-ray absorber, such as a contrast agent, every tube voltage to
be applied to the X-ray tube, and every type of a beam filter
can be stored in the threshold storage part 33. FIG. 10 shows
an example case where i=1,i.e., W=W, and W, ,=W,.
[0128] Thereby, the threshold setting part 32 can input
information, specifying an X-ray absorber taken into the
object O, from the input circuit 5 and obtain the appropriate
width W, of the i-th energy band and the appropriate width
W,,, of the (i+1)-th energy band from the threshold storage
part 33, based on the input information specifying the X-ray
absorber and imaging conditions to determine radiation qual-
ity of X-rays, obtained from the control signal generation part
31. Then, boundaries of the i-th and (i+1)-th energy bands for
making their widths be W, and W, , respectively, energies to
become the boundaries of the i-th and (i+1)-th energy bands,
and threshold voltages which should be applied to the com-
parators 24 in order to form the boundaries can be specified.
[0129] Therefore, the threshold storage part 33 functions as
an energy band storage part configured to relate each of X-ray
absorbers with information for determining two X-ray energy
bands depending on K absorption edges of the X-ray absorb-
ers to store the information. Then, the threshold storage part
33 as the energy band storage part can store the information
for determining the two X-ray energy bands, with further
relating at least one of a tube voltage to be applied to the X-ray
tube and information identifying a beam filter placed in the
output side of the X-ray tube.

[0130] Meanwhile, the threshold setting part 32 is config-
ured to obtain information for determining two energy bands
corresponding to information to specify an X-ray absorber,
from the threshold storage part 33 as the energy band storage
part. Furthermore, when the information for determining the
two X-ray energy bands stored in the threshold storage part 33
has been related with at least one of a tube voltage and
information identifying a beam filter, the threshold setting
part 32 is configured to refer to the threshold storage part 33
to set two energy bands based on at least one of a tube voltage
and a beam filter corresponding to exposure conditions of
X-rays which are exposed from the X-ray exposure part 7.
[0131] The energy bands other than the i-th and (i+1)-th
energy bands bounded by the energy Ek at the K absorption
edge can be determined by another method. Hereinafter, a
method of determining the energy bands other than the i-th
and (i+1)-th energy bands will be described.

[0132] An energy spectrum of an X-ray which is output
from the X-ray tube includes not only energies near the
energy Ek at the K absorption edge but also energies in a wide
range, as shown in FIG. 6. Therefore, on the condition that
only number counting results of X-ray photons having ener-
gies in the i-th and (i+1)-th energy bands which have been set
depending on a substance constituting an X-ray absorber,
such as a contrast agent, are imaged, X-rays which have
energies in the other energy bands merely cause increase of
radiation exposure of the object O.

[0133] Thus, it is preferable to set at least three energy
bands as counting targets of the number of X-ray photons so
that a number counting result of X-ray photons having ener-
gies in at least one energy band other than any of the i-th and
(i+1)-th energy bands bounded by the energy Ek at the K
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absorption edge is also imaged. That is, imaging of all X-rays
exposed to the object O leads to reduction of unnecessary
radiation exposure.

[0134] An energy spectrum of an X-ray output from the
X-ray tube includes the energy band lower than the i-th
energy band and the energy band higher than the (i+1)-th
energy band. Therefore, it is more effective to set at least four
energy bands as counting targets of the number of X-ray
photons for imaging.

[0135] FIG. 11 shows an example of setting four energy
bands, as counting targets of the number of X-ray photons, in
the threshold setting part 32 shown in FIG. 3.

[0136] InFIG. 11, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
aluminum filter having a thickness of 2.5 mm and transmitted
iodine.

[0137] When four energy bands are set, an energy band
lower than the i-th energy band and an energy band higher
than the (i+1)-th energy band are set. Therefore, the energy
bands bounded by the energy Ek at the K absorption edge are
the second and the third energy bands. That is, i=2.

[0138] The lower limit of the first energy band where ener-
gies are the lowest can be set to the lower limit of an energy
spectrum of an X-ray. Meanwhile, the upper limit of the
fourth energy band where energies are the highest can be set
to the upper limit of the energy spectrum of the X-ray. Then,
also imaging and displaying data sets in the first and fourth
energy bands allows minimizing unnecessary radiation expo-
sure of the object O.

[0139] The lower limit and the upper limit of an energy
spectrum of an X-ray are determined depending on a tube
voltage to be applied to the X-ray tube and characteristics of
a beam filter. Therefore, pieces of information, for determin-
ing the first energy bands and the fourth energy bands, related
with tube voltages and types of beam filters can be stored in
the threshold storage part 33 as a table, similarly to the
example shown in FIG. 10. Then, the first energy band and the
fourth energy band can be determined depending on a tube
voltage and a type of beam filter.

[0140] FIG. 12 shows an example of setting three energy
bands, as counting targets of the number of X-ray photons, in
the threshold setting part 32 shown in FIG. 3.

[0141] InFIG. 12, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
aluminum filter having a thickness of 2.5 mm and transmitted
iodine.

[0142] When a contrast agent is iodine, the range of the
energy spectrum where energies are lower than those in the
i-th energy band which is lower than the energy Ek at the K
absorption edge becomes extremely small compared to the
range of the energy spectrum where energies are higher than
those in the (i+1)-th energy band which is higher than the
energy Ek at the K absorption edge, as shown in FIG. 12.
[0143] Thus, the range of the energy spectrum where ener-
gies are higher than those in the (i+1)-th energy band may be
set to an energy band to be a counting target of the number of
X-ray photons, without counting the number of X-ray pho-
tons in the energy region where energies are lower than those
in the i-th energy band. That is, only the i-th energy band, the
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(i+1)-th energy band, and the energy band where energies are
higher than the (i+1)-th energy band may be imaged.

[0144] Inthis case, the number of energy bands to be count-
ing targets of the number of X-ray photons is 3. Therefore, the
energy bands bounded by the energy Ek at the K absorption
edge are the first and the second energy bands. That is, i=1.
The upper limit of the third energy band where energies are
the highest can be set to the upper limit of the energy spectrum
of'the X-ray. Therefore, pieces of information for determining
the third energy bands depending on tube voltages and the
types of beam filter should be also stored in the threshold
storage part 33 as a table

[0145] Meanwhile, when an X-ray absorber of interest is
gold, the energy Ek at the K absorption edge is near 80 keV.
Therefore, when a tube voltage is 110 kV, a large part of the
energy spectrum lies in a range of energies, each of which
lower than the energy Ek at the K absorption edge. In such a
case, opposite to the example shown in FIG. 12, it is appro-
priate to set the range of the energy spectrum, in which ener-
gies are lower than those in the i-th energy band, to an energy
band to be a counting target of the number of X-ray photons,
and not to count the number of X-ray photons in the energy
region where energies are higher than those in the (i+1)-th
energy band. In that case, the energy band where energies are
the lowest is the first energy band, and the energy bands
bounded by the energy Fk at the K absorption edge are the
second and the third energy bands.

[0146] Besides the above-mentioned examples, not less
than five energy bands may also be set as counting targets of
the number of X-ray photons. In that case, setting the lower
limit of the first energy band, in which energies are lower than
energies in any other energy band, to the lower limit of the
energy spectrum of X-ray, and setting the upper limit of the
n-th energy band, in which energies are higher than energies
in any other energy band, to the upper limit of the energy
spectrum of X-ray leads to reduction of unnecessary radiation
exposure of the object O. Then, at least five energy bands can
be set by equally dividing at least one of the range of the
energy spectrum where energies are lower than those in the
i-th energy band, and the range of the energy spectrum where
energies are higher than those in the (i+1)-th energy band.
FIG. 7 shows an example of setting five energy bands by
equally dividing the range of the energy spectrum, where
energies are higher than those in the (i+1)-th energy band, into
two energy bands.

[0147] Thus, at least one of energy bands where energies
are higher than the two energy bands depending on the K
absorption edge of an X-ray absorber of interest, and energy
bands where energies are lower than the two energy bands
depending on the K absorption edge of the X-ray absorber of
interest can be set with an equal bandwidth. Note that, energy
bands not depending on the K absorption edge can also be set
in the threshold setting part 32, according to instruction infor-
mation from the input circuit 5.

[0148] Although examples of making the boundary
between the i-th energy band and the (i+1)-th energy band
coincide with the energy Ek at the K absorption edge have
been described thus far, it is also effective to set the boundary
between the i-th energy band and the (i+1)-th energy band
higher than the energy Ek at the K absorption edge by a
predetermined amount. This is because fluctuation exists in
energies of X-ray photons to be counted.

[0149] FIG. 13 shows an influence of fluctuation on a num-
ber counting result of monochromatic X-ray photons.



US 2016/0073988 Al

[0150] InFIG. 13, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of the X-ray photons. In FIG. 13, black plotted points
show ideal data and white plotted points show data actually
observed with fluctuation.

[0151] Asshown in FIG. 13, in the case of exposing mono-
chromatic X-ray photons each having the energy of 33 keV,
the normalized number of X-ray photons counted by a detec-
tor ideally becomes 100 at the energy of 33 keV. However, the
number of X-ray photons each having the energy of 33 keV
actually decreases by fluctuation, and X-ray photons having
energies from 31 keV to 35 keV around the energy of 33 keV
are counted.

[0152] The number of X-ray photons having a certain
energy is ideally converted into electric signals having one
amplitude to be counted. However, a phenomenon that ampli-
tudes of electric signals, showing the number of X-ray pho-
tons, become slightly large or small occurs by factors, such as
noises in circuits to process the electric signals and fluctua-
tion in the number of charges generated in an X-ray detection
layer. This is a factor of the fluctuation in number counting
results of X-ray photons.

[0153] The above-mentioned fluctuation also arises in the
case of exposing an X-ray having a continuous energy spec-
trum. Near the K absorption edge of a contrast agent, a certain
rate of X-ray photons out of X-ray photons each having an
energy lower than the energy Ek at the K absorption edge are
counted as X-ray photons each having an energy higher than
the energy Ek at the K absorption edge. Conversely, a certain
rate of X-ray photons out of the X-ray photons each having an
energy higher than the energy Ek at the K absorption edge are
counted as the X-ray photons having an energy lower than the
energy Ek at the K absorption edge.

[0154] That is, some of the X-ray photons each having an
energy lower than the energy Ek at the K absorption edge
increase the number counting result of the X-ray photons
each having an energy higher than the energy Ek at the K
absorption edge. Conversely, some of the X-ray photons each
having an energy higher than the energy Ek at the K absorp-
tion edge increase the number counting result of the X-ray
photons each having an energy lower than the energy Ek at the
K absorption edge.

[0155] The number of X-ray photons to be counted in the
energy band where each energy is lower than the energy Ek at
the K absorption edge is more than the number of X-ray
photons to be counted in the energy band where each energy
is higher than the energy Ek at the K absorption edge. There-
fore, influence of counted X-ray photons, each having an
energy lower than the energy Ek at the K absorption edge,
which are mixed in the energy band where each energy is
higher than the energy Ek at the K absorption edge is larger
than influence of counted X-ray photons, each having an
energy higher than the energy Fk at the K absorption edge,
which are mixed in the energy band where each energy is
lower than the energy Ek at the K absorption edge. That is,
mixing X-ray photons, each having an energy lower than the
energy Ek at the K absorption edge, in the energy band where
each energy is higher than the energy Ek at the K absorption
edge leads to reducing a ratio between the numbers of X-ray
photons whose energies are lower and higher than the K
absorption edge and a contrast thereby.

[0156] Thus, itis preferable to set the boundary between the
i-th energy band and the (i+1)-th energy band, which adjoin
with each other, to an energy higher than the energy Ek at the
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K absorption edge by a predetermined amount, according to
the energy Ek at the K absorption edge, so that the number of
X-ray photons, each having an energy lower than the energy
Ek at the K absorption edge, to be counted as X-ray photons
in the energy band where each energy is higher than the
energy Ek at the K absorption edge due to fluctuation is
reduced. Therefore, the threshold setting part 32 has a func-
tion to set two energy bands so that the boundary of the two
energy bands shifts from the energy Fk at the K absorption
edge of an X-ray absorber of interest, in the higher energy side
by a predetermined amount.

[0157] FIG. 14 shows an example of setting the i-th energy
band and the (i+1)-th energy band so that influence of fluc-
tuation is reduced, by the threshold setting part 32 shown in
FIG. 3.

[0158] InFIG. 14, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
aluminum filter having a thickness of 2.5 mm and transmitted
iodine.

[0159] As shown in FIG. 14, the boundary between the i-th
energy band and the (i+1)-th energy band which adjoin with
each other can be set, according to the energy Ek at the K
absorption edge, to an energy higher than the energy Ek at the
K absorption edge by a predetermined amount Eshift. The
predetermined amount Eshift of energy for shifting the
boundary from the energy Ek at the K absorption edge can be
determined empirically by measuring noises in circuits in the
X-ray detector 8 or the like.

[0160] For example, when an X-ray energy spectrum
observed under influence by the fluctuation shown in FIG. 13
is considered to be a Gaussian distribution and a standard
deviation of the energy spectrum is o [keV], the predeter-
mined amount Eshift of energy can be set to ko using an
arbitrary positive coefficient k. In that case, when the positive
coefficient k=1, about 68% of influence due to the fluctuation
can be removed.

[0161] Setting energy bands as described above allows sup-
pressing an increase in the number counting result of X-ray
photons in the (i+1)-th energy band higher than the energy Ek
atthe K absorption edge, resulting from the fluctuation. Then,
deterioration in a contrast which should be originally
obtained can be prevented. Note that, hereinafter, an example
case where the energy Ek at the K absorption edge is rela-
tively set to the boundary between the i-th energy band and
the (i+1)-th energy band will be described in order to simplify
the explanation.

[0162] Although the case where a single X-ray absorber of
interest is the target has been described thus far, X-ray imag-
ing can also be performed by the K absorption edge subtrac-
tion method using a plurality of X-ray absorbers having dif-
ferent energies Ek at K absorption edges. In that case, the
threshold setting part 32 sets plural sets of two X-ray energy
bands depending on the K absorption edges of X-ray absorb-
ers, based on information to specify the X-ray absorbers.
[0163] FIG. 15 shows an example of setting two sets of two
X-ray energy bands, as counting targets of the number of
X-ray photons, by the threshold setting part 32 shown in FI1G.
3.

[0164] InFIG. 15, the horizontal axis shows energies [keV]
ot X-ray photons while the vertical axis shows the normalized
number of counted X-ray photons which have been emitted
from the X-ray tube of the X-ray exposure part 7 through an
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aluminum filter having a thickness of 2.5 mm. In FIG. 15, the
dashed-dotted line shows the normalized number of X-ray
photons counted when iodine and gadolinium exist on the
path of the X-ray while the dashed-two dotted line shows the
normalized number of X-ray photons counted when iodine
and gadolinium do not exist on the path of the X-ray.

[0165] As shown in FIG. 15, when two X-ray absorbers of
iodine and gadolinium exist on the X-ray path, two K absorp-
tion edges appear on the energy spectrum of X-ray photons.
Therefore, four energy bands bounded by the energies Ek1
and Ek2 corresponding to the two K absorption edges can be
set as counting targets of X-ray photons. Specifically, the two
energy bands consisting of the i-th and (i+1)-th energy bands
bounded by the energy Ekl corresponding to the first K
absorption edge in the low energy side, and the two energy
bands consisting of the j-th and (j+1)-th energy bands
bounded by the energy Ek2 corresponding to the second K
absorption edge in the high energy side can be set.

[0166] The energy bands outside the four energy bands, i.e.
the i-th, (i+1)-th, j-th and (j+1)-th energy bands bounded by
the energies Ek1 and Ek2 corresponding to the two K absorp-
tion edge may also be set as counting targets of X-ray photons
for imaging, or may not be set as the counting targets. Alter-
natively, the energy band bands outside the four energy bands
may be further divided and set as counting targets of X-ray
photons.

[0167] Therefore, when two X-ray absorbers exist inside
the object O, at least two sets of two X-ray energy bands
depending on the K absorption edges of the two X-ray absorb-
ers are set in the threshold setting part 32, based on informa-
tion to specify the two X-ray absorbers. Then, four frames of
X-ray image data corresponding to at least the two sets of the
two X-ray energy bands are generated.

[0168] Asdescribed above, the threshold setting part 32 can
set at least two X-ray energy bands depending on at least one
K absorption edge of X-ray absorber, based on information to
specify the X-ray absorber or the X-ray absorbers input from
the input circuit 5. Note that, hereinafter, an example case
where one X-ray absorber of interest exists inside the object O
will be described in order to simplify the explanation.
[0169] The threshold setting part 32 also has a function to
set energy bands for usual X-ray imaging, in addition to the
above-mentioned energy bands for X-ray imaging by the K
absorption edge subtraction method using an X-ray absorber,
such as a contrast agent, a medicine, or a device.

[0170] It is desirable to minimize the number of energy
bands which are counting targets of the number of X-ray
photons, from a viewpoint of reducing a circuit size of the
X-ray detector 8. Therefore, it is preferable for usual X-ray
imaging to set discriminable energy bands corresponding to
the number of the comparators 24 included in the X-ray
detector 8 by equally dividing the energy region of an X-ray.
FIG. 6 shows an example of setting five energy bands each
having an equal width and the low energy band which is not
a counting target of X-ray photons, according to the number
of the comparators 24.

[0171] Therefore, at the time when the threshold setting
part 32 sets energy bands, information to specify whether
X-ray imaging is usual one or X-ray imaging by the K absorp-
tion edge subtraction method is input from the input circuit 5.
Then, in the case of performing usual X-ray imaging, energy
bands the number of which can be discriminated in the X-ray
detector 8 are set so as to have equal widths as exemplified in
FIG. 6.
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[0172] Meanwhile, in the case of performing X-ray imag-
ing by the K absorption edge subtraction method, information
specifying an X-ray absorber of interest to be imaged, such as
a contrast agent, a medicine, or a device, is further input from
the input circuit 5. Then, the threshold setting part 32 sets
energy bands depending on the energy Ek at the K absorption
edge of a substance constituting the X-ray absorber.

[0173] Therefore, the threshold setting part 32 has a func-
tion to display a setting screen, as a user interface, for input-
ting whether X-ray imaging is one by the K absorption edge
subtraction method or not and information to specify an
X-ray absorber of interest by operating the input circuit 5, on
the display 6. Then, the threshold setting part 32 is configured
to set appropriate energy bands depending on an imaging
purpose based on information input by operating the input
circuit 5 through the setting screen displayed on the display 6.
[0174] When a purpose of using the X-ray diagnostic appa-
ratus 1 is limited, inputting the information to specify an
X-ray absorber of interest, such as a contrast agent, at the time
ot X-ray imaging may also be omitted. For example, when the
X-ray diagnostic apparatus 1 is for a circulatory organ exami-
nation, a contrast agent to be used contains iodine but not
barium or the like. Meanwhile, when the X-ray diagnostic
apparatus 1 is for a digestive tract examination, a contrast
agent to be used contains barium but not iodine or the like.
Therefore, an X-ray absorber of interest may also be specified
at the time of installation or a periodical inspection of the
X-ray diagnostic apparatus 1. In this case, information input
to the threshold setting part 32 through a user interface in
order to set energy bands is only information to select whether
X-ray imaging is usual X-ray imaging or X-ray imaging by
the K absorption edge subtraction method.

[0175] Meanwhile, even when a purpose of using the X-ray
diagnostic apparatus 1 is not limited, a contrast agent to be
injected into the object O can be specified so long as inspec-
tion items of X-ray contrast examination can be specified.
Therefore, when an X-ray absorber of interest is a contrast
agent, at least one of examination items and information to
specify the contrast agent can be input to the threshold setting
part 32, as information to specify the X-ray absorber.
Thereby, appropriate energy bands depending on a type of the
contrast agent can be set in the threshold setting part 32 based
on at least one of the examination items and the information
to specify the contrast agent.

[0176] The subtraction processing part 30 has a function to
generate subtraction image data by subtraction processing
between a number counting signal which shows a number
counting result at each pixel of X-ray photons in the i-th
energy band set in the threshold setting part 32 and a number
counting signal which shows a number counting result at each
pixel of X-ray photons in the (i+1)-th energy band set in the
threshold setting part 32. The subtraction processing part 30
also has a function to generate X-ray image data showing the
thickness of an X-ray absorber of interest, such as a contrast
agent, by processing including the subtraction processing.
That is, the subtraction processing part 30 has a function to
generate at least one frame of X-ray image data, in which an
X-ray absorber of interest has been depicted, by data process-
ing including the subtraction processing between two X-ray
detection data sets corresponding to the i-th energy band and
the (i+1)-th energy band respectively.

[0177] Note that, it is desirable to perform logarithmic con-
version processing and normalization processing of each
number counting signal before the subtraction processing.
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Specifically, itis desirable to perform the subtraction process-
ing between the two X-ray detection data sets after the loga-
rithmic conversion. In addition, it is desirable to perform the
subtraction processing between the two X-ray detection data
sets after the normalization performed substantially using the
bandwidths W, and W, | of the two energy bands. When the
normalization is performed after the logarithmic conversion,
the normalization can also be performed as subtraction.
[0178] Hereinafter, generation processing of subtraction
image data and X-ray image data showing the thickness of a
contrast agent will be described.
[0179] Whenthewidths W,and W, , ofthei-thand (i+1)-th
energy bands are set according to the K absorption edge, a
number counting signal C,(xp, xc) at one pixel of X-ray
photons in the i-th energy band and a number counting signal
C,,;(xp, xc) at one pixel of X-ray photons in the (i+1)-th
energy band are expressed by expression (8) and expression
(9), respectively.
Ci{xp,xc)=[dE-¢(E)-Man(E)-Patt(Exp)-Catt(E xc)
-Dabs(E,xd) (®)

C; 10, x0)=f; 1 dE-O(E)-Man(E)-Patt(Exp)Cant(E,xc)

-Dabs(E,xd) 9
[0180] wherein
[0181] E: an energy of an X-ray photon,
[0182] J[.dE: integration from E,, to E,,,
[0183] E,;: the minimum value of the i-th energy band,
[0184] E,,: the maximum value of the i-th energy band,
[0185] [, dE: integration from E,, 3, to B, ;.
[0186] E.,,: the minimum value of the (i+1)-th energy
band, and
[0187] E.,,: the maximum value of the (i+1)-th energy
band.
[0188] Since the function in the integration in expression

(8) is continuous, an energy E, (E,;<E,<E,,) of an X-ray
photon which satisfies expression (10) exists. Note that,
W,=E,»,-E,,.
Cxp,xc)=Q(E;) WyMatt(E,)-Patt(E, xp)-Catt(E, )
-Dabs(E, xd) (10)

[0189] Similarly, since the function in the integration in
expression (9) is continuous, an energy E,, | (E,;,<B,,;<E
@+1y2) of an X-ray photon which satisfies expression (11)
exists. Note that, W, ,=E ;. ,1,-Fq, 11
Cir10px)=Y(E 1) Wi " Matt(E,, ) Pati(E,, ,xp)-Catt
(B p¥c)y Dabs(Ey, ,xd) an

[0190] Inexpression (10)and expression (11),¢(E,)-W,and
¢(E;,1)'W,,, correspond to the numbers of photons in the
energy bands W, (=E,,-E,;) and W, (:E(i+l)2_E(i+l)1)s
respectively. Furthermore, the boundaries E;;, B;», By,
andE, ,, of thei-thand (i+1)-th energy bands, i.e. the widths
W, and W, | of the energy bands can be determined depend-
ing on an element constituting a contrast agent, a tube voltage
to be applied to the X-ray tube, and a type of a beam filter, as
shown in FIG. 10.

[0191] The subtraction image data can be generated by
subtraction processing between the number counting signals
C,(xp, xc) and C,, ,(xp, xc), shown by expression (10) and
expression (11), as the number counting results of X-ray
photons in the two adjacent energy bands bounded by the
energy Ek at the K absorption edge. Note that, it is desirable
to perform the logarithmic conversion processing before the
subtraction processing, as described above.
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[0192] This is because an X-ray has a characteristic of
attenuating exponentially due to the object O and a contrast
agent. The number counting results of X-ray photons corre-
spond to the total attenuation rate of an X-ray, which is a
product of an attenuation rate of the X-ray due to the object O
and an attenuation rate of the X-ray due to a contrast agent, as
shown in expression (10) and expression (11). Thus, in the
case of generating subtraction image data, the attenuation rate
of X-ray due to the object O and the attenuation rate of X-ray
due to the contrast agent can be converted from a product to a
sum by logarithmic conversion, prior to the subtraction pro-
cessing. Thereby, the number counting results of X-ray pho-
tons corresponding to the thickness of a contrast agent, from
which influences of the thickness of the object O and the
attenuation rate of X-ray due to the object O have been
reduced, can be obtained as the number counting signals
C,(xp, xc) and C,, , (xp, XC).

[0193] Furthermore, since the widths W, and W,,, of the
two adjacent energy bands bounded by the energy Ek at the K
absorption edge are different from each other, it is desirable to
normalize the number counting signals C,(xp, xc) and C,,,
(xp, x¢), from the X-ray detector 8, by the widths W,and W, |
of'the energy bands. That is, the subtraction image data can be
generated using the numbers of X-ray photons per unit
energy, by normalization processing for dividing the number
counting results of X-ray photons in the energy bands by the
widths W, and W, , of the energy bands, respectively.

[0194] Therefore, the subtraction image data Sub(xp, xc)
can be obtained by the first one of expressions (12).

Sub(xp, xc) = In{C;(xp, xc) | Wi} = In(Ciy (xp, x) [ Wit} (12)
= Inl{e(E}) - Mari(E;) - Pat(E;, xp)- Can(E;, xc)-
Dabs(E;, xd)}/{¢(Eir1) - Mati(Ej.1)-
Patt(E;,1, xp)- Cait( Ey,,, x¢) - Dabs(Ezyy, xd)}]
= Info(E)) / @(Eis1) - Mati(Ey) [ Mati(E;..y) -
Pat(E;, xp)/ Pai(Ey, 1, xp) - Cant(E;, xc)/

Cart(Ejy1, xc) - Dabs(E;, xd) [ Dabs(E;1 , xd)}

[0195] When the fourth term Catt(E,, xc)/Catt(E,, |, xc)
with regard to a contrast agent in the last expression of expres-
sion (12) is separated from the other terms, i.e. the first term
$(E,V/$(E,, ), the second term Matt(E,)/Matt(E,, ), the third
term Patt(E,, xp)/Patt(E,, |, xp), and the fifth term Dabs(E,,
xd)/Dabs(E,, ;, xd), and the product of the first term ¢(E,)/¢
(E,, ), the second term Matt(E,)/Matt(E,, |), the third term
Patt(E,, xp)/Patt(E,, , xp), and the fifth term Dabs(E,, xd)/
Dabs(E,, ,, xd) is indicated by a(E,, E,, ;, Xp, xd), expression
(12) becomes expression (13).

Sub(xp,c)=In {Catt(E,xc)/Catt(E,, ,xc) }+In {a(E,E;,
Lxp.xd)} (13)

[0196] Unless a contrast agent and the anode of the X-ray
tube consist of substances whose atomic numbers are close to
each other, the X-ray spectrum may be considered to change
continuously between energies lower and higher than the K
absorption edge of the contrast agent. For example, the
atomic number ofiodine is 53, the atomic number of xenon is
54, the atomic number of barium is 56, and the atomic number
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of' gadolinium is 64, each of which is used as a contrast agent.
Furthermore, the atomic number of gold used as a part of
medicine or a device is 79.

[0197] By contrast, the atomic number of molybdenum is
42, the atomic number of rhodium is 45, and the atomic
number of tungsten is 74, each of which is generally used as
the anode of the X-ray tube. Furthermore, the energy at the K
absorption edge of molybdenum is 20.008 keV, the energy at
the K absorption edge of rhodium is 23.230 keV, and the
energy at the K absorption edge of tungsten is 69.533 keV.
[0198] Therefore, itmay be considered that a contrast agent
and the anode of the X-ray tube do not consist of substances
whose atomic numbers are close to each other.

[0199] The second term Matt(E,)/Matt(E,, , ), the third term
Patt(E,, xp)/Patt(E,,,, xp), and the fifth term Dabs(E,, xd)/
Dabs(E,,, xd) in the last expression of expression (12) are
terms with regard to substances of which characteristics
change continuously between energies lower and higher than
the K absorption edge of a contrast agent.

[0200] Therefore, when the energy E,(E, <E,<E,,) in the
negative side than the K absorption edge and the energy E, |
(Be1y1<B.1<E(.1») in the positive side than the K absorp-
tion edge have values very close to each other, the product
ao(E,, E,, . xp, xd) of the first term ¢(E,)/¢(E,, |), the second
term Matt(E,)/Matt(E,, ,), the third term Patt(E,, xp)/Patt(E,,
1, Xp), and the fifth term Dabs(E,, xd)/Dabs(E,, |, xd) becomes
a value close to 1.

[0201] Meanwhile, when the energy E, in the negative side
than the K absorption edge and the energy E, , , in the positive
side than the K absorption edge do not have values very close
to each other, the product a(E,, E,, ;, xp, xd) becomes a value
having a certain size. When the thickness xp of the object O is
known, the other parameters have quantities specific to the
apparatus. Therefore, the product a(E,, E,, ,, xp, xd) can be
previously obtained by calibration.

[0202] Therefore, as shown in expression (14), only the first
term of the right side of expression (13) can be imaged.

In {Catt(E,xc)/Catt(E,, ;,xc) }=Sub(xp,xc)-In {(E,
Eyxpxd)} 14

[0203] In the X-ray image data generated as values of the
left side of expression (14), a pixel value at each pixel on
which a contrast agent does not exist becomes zero. There-
fore, X-ray image data in which a contrast agent has been
enhanced can be obtained with a high contrast.

[0204] In expression (14), the X-ray absorption character-
istic Catt(E,, xc), corresponding to the energy Ei, by a contrast
agent is expressed by expression (15) similarly to expression

(6).
Catt(E,xc)=exp{-pc(E;)xc} (15)

[0205] Thus, the left side of expression (14) becomes
expression (16).

In{Cat(E;, xc) [ Catt(E;y, xc)} = In[exp{—puc(E;) - xc}/ (16)

exp{—pc(Eir1)-xcl]

= {—pe(Ey) + pe(Ey)} - xe

[0206]
(17).

{ucErue(Esy ) b xe=Sublxp,c)-In {a(E, E;y 1. xp.xd) } an

Therefore, expression (14) becomes expression
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[0207] The thickness xc of a contrast agent can be obtained
by expression (18) from expression (17).

xe = [Sublap, x¢) — Ina(E;, Eryy. xp, xd)}]/ (18)

{—pe(E) + po(Erp)
= In{Cy(xp. x0)/ Wi} = In{ Gy (xp, x€) / Wit}
—In{alE;. Epv1. xp. xd)}]/
{—pe(E) + po(Exn)
= In{Ci(xp, x¢)} — In{Ciry (¥p, X)) —
{In(W;) = In(W;,.1)} — Infa(E;, Epvp. xp. xd)}]/

{=pe(E) + pe(E )}

[0208] As shown by expression (18), the subtraction of the
logarithmic conversion results of the widths W, and W, of
the energy bands and the value a(E,, E,, |, xp, xd) specific to
the apparatus are subtracted from the subtraction of logarith-
mic conversion results of the number counting signal C,(xp,
xc) and the number counting signal C,,, (Xp, xc), which are
output from the X-ray detector 8. Furthermore, the subtrac-
tion result is divided by a difference between the X-ray
absorption coefficients pic(E,) and uc(E,, ;) of the energy lev-
els E, and E,,,, which have been set to be lower and higher
than the K absorption edge of the contrast agent. Thereby, the
thickness xc of the contrast agent can be obtained as infor-
mation specific to the contrast agent. The thicknesses xc of the
contrast agent at pixels are image data in which the presence
of the contrast agent is enhanced, similarly to image data
shown by expression (14). Specifically, the image data shown
by expression (18) are image information in which each pixel
value shows the thickness xc of the contrast agent.

[0209] The absorption coefficient storage part 36 stores the
X-ray absorption coefficients pc(E,) and pc(E,, ) for every
substance constituting an X-ray absorber, such as a contrast
agent. Meanwhile, the subtraction processing part 30 is con-
figured to obtain the corresponding X-ray absorption coeffi-
cients pc(E,) and pc(E,, ) from the absorption coefficient
storage part 36, based on information, specitying the X-ray
absorber, obtained from the input circuit 5 through the thresh-
old setting part 32, in the case of calculating the thickness xc
of the contrast agent by the operation shown by expression
(18).

[0210] In expression (18), the value a(E,, E,,,, xp, xd)
specific to the apparatus changes depending on a variety of
conditions including a pixel position, a tube voltage to be
applied to the X-ray tube, a type of a beam filter, an X-ray
absorber, such as the bed 10 or press plates used for a breast
imaging apparatus, the thickness of the object O which
X-rays transmit, elements constituting a contrast agent, and a
type and thickness of a detection layer of the X-ray detector 8.
Thus, these conditions will be described in detail.

[0211] As described above, the value a(E,, E,, , xp, xd)
specific to the apparatus is the product of the first term ¢(E,)/
¢o(E,, ), the second term Matt(E,)/Matt(E,, ), the third term
Patt(E,, xp)/Patt(E,, , xp), and the fifth term Dabs(E,, xd)/
Dabs(E,, ,, xd) in the last expression of expression (12).
[0212] The number ¢(E) of X-ray photons, each having an
energy E, exposed from the X-ray tube toward each pixel,
which determines the value of the first term ¢(E,)/¢(E,, ),
differs for every pixel. This is because the intensity of an
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X-ray exposed from the X-ray tube has spatial non-unifor-
mity. That is, the number ¢(E) of X-ray photons each having
an energy E differs depending on a spatial position.

[0213] The tube voltage applied to the X-ray tube may be
arbitrarily set by a user. Alternatively, the tube voltage of the
X-ray tube is automatically controlled according to previ-
ously defined imaging conditions. Therefore, the tube voltage
applied to the X-ray tube is not usually constant. When the
tube voltage of the X-ray tube changes, the shape of an X-ray
energy spectrum changes depending on the tube voltage.
Thereby, the value of the first term ¢(E,)/¢(E,,,) in the last
expression of expression (12) changes depending on the tube
voltage applied to the X-ray tube.

[0214] Furthermore, a beam filter is placed near the expo-
sure port of the X-ray tube. The beam filter takes a role to
adjust an X-ray energy spectrum exposed to the object O. The
beam filter often uses a metallic foil having a uniform thick-
ness. However, the thickness of the beam filter is not com-
pletely uniform. Therefore, spatial non-uniformity exists in
the intensity of an X-ray having transmitted the beam filter. In
addition, transmission characteristic of the beam filter differ
slightly depending on the X-ray energy E, or E,, |. Thus, the
number ¢(E) of X-ray photons having an energy E and the
value of the first term ¢(E,)/¢(E,, ;) in the last expression of
expression (12) differ depending on a spatial position due to
influence of the beam filter.

[0215] Strictly speaking, the thickness of each X-ray
absorber, such as the bed 10 and press plates, which exists
between the X-ray exposure part 7 and the X-ray detector 8
differs for every position. Furthermore, X-ray transmission
characteristic of each X-ray absorber ditfer slightly depend-
ing on the X-ray energy E, or E,, . Thus, the value of the
second term Matt(E,)/Matt(E,, ) in the last expression of
expression (12) differs depending on a spatial position. Note
that, in the case of exchanging an X-ray absorber, such as a
press plate, according to an inspection purpose, the value of
the second term Matt(E,)/Matt(E,, |) in the last expression of
expression (12) changes depending on an X-ray absorber to
be placed.

[0216] The thickness xp of the object O differs for every
position. Furthermore, X-ray transmission characteristic of
the object O differ slightly depending on the X-ray energy E,
orE,, ;. Thus, the value of the third term Patt(E,, xp)/Patt(E,, ,,
xp) in the last expression of expression (12) differs depending
on a position of the object O, that is, a spatial position.
[0217] The energy Ek at the K absorption edge differs for
every material of a contrast agent. Therefore, the X-ray ener-
gies E,and E,, ;, which are set to be lower and higher than the
energy Ek at the K absorption edge, differ depending on the
material of the contrast agent. Thus, each value of the first
term ¢(E,)/¢(E,, ), the second term Matt(E,)/Matt(E,, ), the
third term Patt(E,, xp)/Patt(E,, ;, Xp), and the fifth term Dabs
(E,, xd)/Dabs(E,, ;, xd) in the last expression of expression
(12) changes depending on the material of the contrast agent.
[0218] A type and thickness of the X-ray detection layer of
the X-ray detector 8 also influence the value o(E,, E,, ,, xp,
xd). For example, the value a(E,, E,, , Xp, xd) is a function of
the thickness xd of the X-ray detection layer. Thus, when the
X-ray detector 8 is exchanged for another detector of which
the thickness xd of an X-ray detection layer is different from
that of the X-ray detector 8, the value a(E,, E,, , xp, xd)
changes. Furthermore, when the material of the X-ray detec-
tion layer changes by the exchange ofthe X-ray detector 8, the
value a(E,, E,,, xp, xd) also changes.
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[0219] As described above, the value a(E,, E,, ;, xp, xd)
changes depending on a variety of conditions. Therefore,
each pixel value of the enhanced image data In {Catt(E,,
xc)/Catt(E,, ;, x¢)} of a contrast agent obtained by expression
(14) and each pixel value of image data obtained as the
thickness xc of the contrast agent by expression (18) change
depending on the above-mentioned conditions even when the
thickness xc of the contrast agent is constant. That is, each
image level of the contrast enhanced image data ln {Catt(E,,
xc)/Catt(B,, ,, xc)} varies depending on conditions including
a pixel position, imaging conditions, such as a tube voltage
and a beam filter, X-ray absorbers, such as the bed 10 and
press plates, the thickness xp of the object O, a material and
the thickness xd of the detection layer of the X-ray detector 8,
and elements constituting the contrast agent.

[0220] The variation in the image levels of the enhanced
image data ln {Catt(E,, xc)/Catt(E,,, xc)} of the contrast
agent and image data in which the thickness xc of the contrast
agent is each pixel value can be reduced using the value a(E,,
E,, |, Xp, xd) at each case, which has previously been obtained
by calibration. A specific procedure is described below. In the
calibration, a phantom, such as an acrylic board, simulating a
human body is set as the object O, and X-ray imaging is
performed without using a contrast agent.

[0221] When a contrast agent is not used, the thickness of
the contrast agent is xc=0. In addition, the transmittance of
X-ray to a contrast agent becomes 100%. Therefore, expres-
sion (19) is satisfied.

Catt(E,0)=Cati(E,, ,0) (19)

[0222] Therefore, the subtraction processing shown in
expression (13) becomes as shown in expression (20).

Sub(xp, 0) = In{Cair(E;, 0)/ Cart(E;,y, 0)} + (20)
Infa(Es, Eivy, xp, xd)}

= Ifa(E;, Ejyy, 2p, xd)}

[0223] When non-contrast X-ray imaging using a phantom
is performed for plural conditions, and subsequently, the
operation shown by the first expression of expression (12) is
performed, the values of In {a(E,, E,, ,, xp, xd)} correspond-
ing to the conditions can be obtained by expression (20).
Specifically, the value of In {o(E,, E,,,, xp, xd)} can be
obtained according to conditions including a pixel position,
imaging conditions, such as a tube voltage and a beam filter,
X-ray absorbers, such as the bed 10 and press plates, the
thickness xp of the object O, a material and the thickness xd
of'the detection layer of the X-ray detector 8, which influence
the image levels of the enhanced image data In {Catt(E,,
xc)/Catt(B,, ,, xc)} of the contrast agent and image data in
which each pixel value is the thickness xc of the contrast
agent.

[0224] As a specific example, X-ray imaging and the sub-
traction processing shown by expression (20) can be per-
formed with changes of imaging conditions, e.g., setting the
tube voltage to different values, such as 50, 60, 70, 80, 90,
100, and 110kV, using an aluminum (Al) filter and a tantalum
(Ta) filter sequentially as a beam filter, placing the bed 10 and
a press plate which can be used, sequentially setting phan-
toms having thicknesses, such as 5, 10, 15, 20, 25, and 30 cm,
and exchanging the X-ray detector 8 for another X-ray detec-
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tor which can be used. Furthermore, X-ray imaging is per-
formed under each imaging condition, with sequentially set-
ting energy bands of X-ray photons corresponding to the K
absorption edges of a variety of elements constituting a con-
trast agent, such as iodine, barium, gold, and gadolinium, a
medicine, and a device.

[0225] Then, the values of In {a(E,, E,,,, xp, xd)} corre-
sponding to plural conditions can be obtained for each of
X-ray absorbers, such as contrast agents, medicines, and
devices. The function to obtain the values of In {a(E,, E,,,
xp, xd)} can be provided with the subtraction processing part
30. Furthermore, the values of In {o(E,, E,,, xp, xd)}
obtained by the subtraction processing part 30 can be related
to the respective conditions and the respective X-ray absorb-
ers, such as contrast agents, and stored as a table in the
calibration data storage part 35. Note that, since the value of
In {o(E,, E,, , xp, xd)} is calculated for every pixel, the values
of In {o(E,, B,,,, xp, xd)} at pixels become reference data
having two dimensional pixel values similar to image data.
[0226] Then, the subtraction processing part 30 is config-
ured to be able to calculate the thickness xc of the contrast
agent shown by expression (18) with referring to the refer-
ence data stored in the calibration data storage part 35 when
X-ray contrast imaging of the object O is performed. Specifi-
cally, the subtraction processing part 30 can perform the
operation, shown by expression (18), by obtaining a value of
In {(B,, E,,,, xp, xd)} corresponding to imaging conditions
nearest to the conditions of the X-ray contrast imaging and an
X-ray absorber used for the X-ray contrast imaging, out of the
values of In {a(E,, E,, ;, xp, xd)} stored as reference data sets
corresponding to imaging conditions and X-ray absorbers,
such as contrast agents, in the calibration data storage part 35.
Note that, conditions for X-ray imaging for specifying the
reference data can be acquired from the control signal gen-
eration part 31. Thereby, X-ray image data showing the thick-
nesses xc of the contrast agent can be generated.

[0227] Therefore, the calibration data storage part 35 has a
function as a reference data storage part which is configured
to store reference data sets related to X-ray absorbers, such as
contrast agents, and imaging conditions. Then, the subtrac-
tion processing part 30 is configured to generate X-ray image
data, showing the thicknesses xc¢ of an X-ray absorber of
interest, by referring to a reference data set, related to a
corresponding X-ray absorber and corresponding imaging
conditions, out of the reference data sets stored in the calibra-
tion data storage part 35.

[0228] The X-ray image generation part 34 has a function
to generate X-ray image data based on number counting
results of X-ray photons in the respective energy bands,
which have been output from the X-ray detector 8 in usual
X-ray imaging. In addition, the X-ray image generation part
34 also has a function to generate X-ray image data based on
number counting results of X-ray photons counted in all
energy bands which have been set for X-ray imaging by the K
absorption edge subtraction method. The X-ray image data
can be image data in which number counting signals of X-ray
photons, output from the X-ray detector 8, are pixel values.
Alternatively, the X-ray image data can also be image data in
which the thicknesses of the object O or the contrast agent,
extracted based on the number counting signals, are pixel
values.

[0229] Since the number counting signal of X-ray photons
is obtained for each energy band, X-ray image data are also
generated for each energy band. Thus, one frame of X-ray
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image data common to different energy bands can be gener-
ated by weighted-averaging of frames of X-ray image data
corresponding to the energy bands. Alternatively, one frame
of X-ray image data common to different energy bands can
also be obtained by selecting one typical frame of X-ray
image data out of frames of X-ray image data corresponding
to the energy bands.

[0230] Specifically, when the threshold setting part 32 has
set not less than three energy bands including at least one
energy band other than two energy bands for X-ray imaging
by the K absorption edge subtraction method, the X-ray
image generation part 34 can generate X-ray image data, of
which contrast does not correspond to the K absorption edge,
based on X-ray detection data corresponding to at least one
energy region out of the at least three set energy bands. In
other words, when the threshold setting part 32 has set a single
energy band or a plurality of energy bands which do not
depend on the K absorption edge, the X-ray image generation
part 34 can generate X-ray image data, having a contrast
which does not correspond to the K absorption edge, based on
X-ray detection data corresponding to at least one energy
band which do not depend on the K absorption edge.

[0231] Theimage data storage part 37 is a storage circuit for
storing X-ray image data generated in each element, such as
the subtraction processing part 30 and the X-ray image gen-
eration part 34, of the medical image processing apparatus 15.
Note that, when X-ray image data stored in the image data
storage part 37 correspond to a specific energy band, it is
preferable to attach information to specify the energy band, as
incidental information, with the X-ray image data. The inci-
dental information for specifying an energy band can be
generated in an element, such as the subtraction processing
part 30 or the X-ray image generation part 34, which gener-
ates X-ray image data.

[0232] The image composition part 38 has a function to
combine subtraction image data or image data showing the
thicknesses of a contrast agent, generated in the subtraction
processing part 30 in X-ray imaging by the K absorption edge
subtraction method, with X-ray image data generated by the
X-ray image generation part 34 based on number counting
results of X-ray photons in all the energy bands. That is, the
image composition part 38 can combine X-ray image data, in
which an X-ray absorber of interest has been depicted, with
X-ray image data having a contrast which does not corre-
spond to the K absorption edge of the X-ray absorber.
[0233] The composite image data Img of the subtraction
image data Img_ke and the X-ray image data Img_tot com-
mon to all the energy bands can be generated by expression
(21) using weights o1 and w2.

Img=wl-Img_ke+w2-Img_tot (21)

[0234] That is, the composite image data Img can be gen-
erated by weighting addition processing of the subtraction
image data Img_ke and the X-ray image data Img_tot com-
mon to all the energy bands. The weights w1 and w2 for the
weighting addition processing can be set arbitrarily.

[0235] The filter processing part 40 has a function to per-
form filter processing for reducing noise, of subtraction
image data or image data showing the thicknesses of the
contrast agent, prior to the composition processing of X-ray
image data sets in the image composition part 38. A noise
reduction filter can be an arbitrary filter, such as a filter in
spatial directions, a filter in the time direction, a linear filter,
and a nonlinear filter, such as a morphological filter.
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[0236] The compression processing part 39 has a function
to perform compression processing of a dynamic range of
X-ray image data to be combined with the subtraction image
data or the image data showing the thicknesses of a contrast
agent in the image composition part 38.

[0237] The display processing part 41 has a function to
perform necessary display processing of X-ray image data
generated in each element, such as the subtraction processing
part 30, the X-ray image generation part 34, and the image
composition part 38, of the medical image processing appa-
ratus 15 and X-ray image data stored in the image data storage
part 37, and to display the X-ray image data after the display
processing on the display 6. Note that, subtraction image data
generated in the subtraction processing part 30 in X-ray imag-
ing by the K absorption edge subtraction method and X-ray
image data generated by the X-ray image generation part 34
based on number counting results of X-ray photons in all the
energy bands may also be displayed in parallel on the display
6 without composition.

[0238] (Operation and Action)

[0239] Next, an operation and action of the X-ray diagnos-
tic apparatus 1 will be described. A case of generating X-ray
contrast image data of the object O by the K absorption edge
subtraction method will be described here.

[0240] Firstly, a user inputs information, for selecting
X-ray imaging by the K absorption edge subtraction method,
to the threshold setting part 32 by operating the input circuit
5. Subsequently, the user inputs information, for selecting a
contrast agent, to the threshold setting part 32 by operating
the input circuit 5. Therefore, the threshold setting part 32 sets
energy bands for performing X-ray imaging by the K absorp-
tion edge subtraction method with referring to a table, as
exemplified in FIG. 10, stored in the threshold storage part 33.
Thereby, the energy bands corresponding to the K absorption
edge of the contrast agent as exemplified in FIG. 7, FIG. 11,
or FIG. 12 are set as counting targets of the number of X-ray
photons.

[0241] Onthe other hand, the object O is set on the top plate
of'the bed 10. Then, a contrast agent is injected into the object
O. Subsequently, control signals according to imaging con-
ditions are output from the imaging position control circuit
3B of the control system 3 so that the driving mechanism 9
drives. Thereby, the X-ray exposure part 7 and the X-ray
detector 8 are positioned at predetermined positions. Mean-
while, a high voltage is applied to the X-ray tube of the X-ray
exposure part 7 from the high voltage generator 3A of the
control system 3. Thereby, an X-ray is exposed from the
X-ray tube of the X-ray exposure part 7 to an imaging part of
the object O.

[0242] Then, X-ray photons which have transmitted the
object O and the contrast agent are acquired by the X-ray
detector 8 as X-ray detection data. Specifically, X-ray detec-
tion data sets are acquired in the X-ray detector 8 by counting
X-ray photons in the respective energy bands at respective
pixel positions.

[0243] Subsequently, the X-ray detector 8 outputs the num-
ber counting result of X-ray photons by pixel and by energy
band to the medical image processing apparatus 15 as a num-
ber counting signal of the X-ray photons. Then, generation
processing of X-ray contrast image data showing thicknesses
of'the contrast agent is performed in the subtraction process-
ing part 30 of the medical image processing apparatus 15.
[0244] FIG. 16 shows processing performed in the subtrac-
tion processing part 30 shown in FIG. 3.

Mar. 17,2016

[0245] InFIG. 16, each of the rectangular frames indicates
numerical values arranged two-dimensionally, and each of
the rounded rectangles indicates one numerical value. The
number counting signal C,(xp, xc) of X-ray photons in thei-th
energy band and a number counting signal C,, ,(xp, xc) of
X-ray photons in the (i+1)-th energy band are output from the
X-ray detector 8 to the subtraction processing part 30. Then,
the subtraction processing part 30 performs the operations
shown by expression (18).

[0246] Specifically, the subtraction processing part 30 per-
forms logarithmic conversion of the number counting signal
C,(xp, xc) of X-ray photons in the i-th energy band and the
number counting signal C,,(xp, xc) of X-ray photons in the
(i+1)-th energy band respectively, and subsequently, per-
forms subtraction processing of the number counting signals
C,(xp, xc) and C,, , (Xp, xc) after the logarithmic conversion.
Next, the subtraction processing part 30 obtains the width W,
of the i-th energy band and the width W,,; of the (i+1)-th
energy band, set as imaging conditions for the X-ray imaging,
from the threshold setting part 32. Then, the width W, of the
i-th energy band and the width W,,, of the (i+1)-th energy
band are subjected to logarithmic conversion respectively,
and subsequently, subtraction processing of the widths W,
and W, , after the logarithmic conversion is performed.
[0247] Next, the subtraction processing part 30 subtracts
the result of the subtraction processing of the widths W, and
W,,, of the energy bands after the logarithmic conversion,
from the result of the subtraction processing of the number
counting signals C (xp, xc¢) and C,,,(xp, xc) of the X-ray
photons after the logarithmic conversion.

[0248] Next, the subtraction processing part 30 obtains
information, specifying the substance constituting the con-
trast agent, from the threshold setting part 32. Furthermore,
the subtraction processing part 30 obtains conditions for
X-ray imaging from the control signal generation part 31, and
obtains reference data In {a(E,, E,, ,, xp, xd)} corresponding
to the information, specifying the substance constituting the
contrast agent and the obtained conditions, from the calibra-
tion data storage part 35. Then, the subtraction processing
part 30 performs subtraction processing by the reference data
In {a(B,, B,,,, xp, xd)}.

[0249] Next, the subtraction processing part 30 obtains the
X-ray absorption coefficients uc(E,) and pc(E,, ;) of the con-
trast agent, corresponding to the i-th energy band and the
(i+1)-th energy band respectively, from the absorption coef-
ficient storage part 36, based on the information specifying
the substance constituting the contrast agent. Then, the sub-
traction processing part 30 performs division processing
using a value derived by subtracting the X-ray absorption
coefficient pc(E,) of the contrast agent, corresponding to the
i-th energy band, from the X-ray absorption coefficient puc(E,,
1) of the contrast agent corresponding to the (i+1)-th energy
band.

[0250] As aresult, X-ray contrast image data showing the
thicknesses xc of the contrast agent are generated. The X-ray
contrast image data can be superimposed and displayed or
displayed in parallel with X-ray image data showing the
structure of the object O. In that case, X-ray image data
showing information with regard to the object O are gener-
ated in the X-ray image generation part 34 based on number
counting results of X-ray photons in all the energy bands.
[0251] When the X-ray image data showing the structure of
the object O and the X-ray contrast image data are displayed
in parallel, the X-ray image data showing the structure of the
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object O and the X-ray contrast image data are displayed in
parallel on the display 6 through the display processing part
41.

[0252] Meanwhile, when the X-ray image data showing the
structure ofthe object O and the X-ray contrast image data are
superimposed and displayed with each other, composite
image data combined by weighting addition processing in the
image composition part 38 are displayed on the display 6
through the display processing part 41. Note that, filter pro-
cessing for reducing noise of the X-ray contrast image data is
performed in the filter processing part 40 while compression
processing of a dynamic range of the X-ray image data show-
ing the structure of the object O is performed in the compres-
sion processing part 39, before the weighting addition pro-
cessing.

[0253] That is, the X-ray diagnostic apparatus 1 as
described above is configured to determine practical and
appropriate energy bands of X-ray photons according to the K
absorption edge of an X-ray absorber of interest, such as a
contrast agent, and to perform X-ray imaging by the K
absorption edge subtraction method using the photon count-
ing type X-ray detector 8.

Effects

[0254] Therefore, the X-ray diagnostic apparatus 1 allows
performing X-ray imaging by the K absorption edge subtrac-
tion method, without using a special X-ray source which
exposes a monochromatic X-ray. In other words, X-ray imag-
ing by the K absorption edge subtraction method can be
performed using an X-ray having an energy spectrum distrib-
uted continuously.

[0255] In particular, the appropriate number of energy
bands of X-ray photons, appropriate widths of the energy
bands, and appropriate levels of the energy bands to be count-
ing targets in the X-ray detector 8 can be respectively set
according to the K absorption edge of an X-ray absorber of
interest, such as a contrast agent. Therefore, the number of the
energy bands where the X-ray detector 8 should count the
numbers of X-ray photons can be minimized appropriately.
[0256] When the number of the energy bands to be counting
targets of X-ray photons is increased, the number of the
comparators 24 which should be included in the X-ray detec-
tor 8 also increases. Therefore, the large number of energy
bands more than necessary leads to an increase in a circuit
size of the X-ray detector 8, which may cause unreality.
Conversely, when the number of the energy bands is made
extremely small in order to make the circuit size of the X-ray
detector 8 practical, the energy bands may not be set appro-
priately according to the K absorption edge.

[0257] By contrast, the X-ray diagnostic apparatus 1 allows
appropriate setting of the number of energy bands, widths of
the energy bands, and levels of the energy bands according to
the K absorption edge of an X-ray absorber of interest. On the
other hand, energy bands can be also appropriately set for
usual X-ray imaging which is not performed by the K absorp-
tion edge subtraction method. Therefore, X-ray imaging by
the K absorption edge subtraction method and usual X-ray
imaging can be performed using the photon counting type of
X-ray detector 8 having a practical circuit size.

[0258] In addition, energy bands of X-ray photons can be
set according to a K absorption edge of not only a contrast
agent but also a substance constituting a medical agent or a
device, such as a guide wire, a catheter, or a stent. Specifically,
the threshold setting part 32 can set two X-ray energy bands

Mar. 17,2016

depending on a K absorption edge of at least one of a contrast
agent, a medical agent, and a device. Therefore, X-ray image
data in which an X-ray absorber of interest has been depicted
s0 as to be satisfactorily visually recognized can be generated.

[0259] For example, when iodine is depicted, the visibility
of'blood vessels or perfusion can be improved. Alternatively,
when barium is depicted, the visibility of the inner wall of a
digestive tract can be improved. Furthermore, the visibility of
adesired substance or object, such as a medical agent, a stent,
or a catheter, can also be improved. As described above, the
visibility can be improved using a K absorption edge of not
only limited to iodine as in the past but also a variety of
targets.

[0260] In addition, since the X-ray diagnostic apparatus 1
exposes an X-ray having a continuous energy spectrum, an
X-ray having energies larger and smaller than the K absorp-
tion edge is simultaneously exposed to the object O. There-
fore, influence of a motion of the object O, which has been a
problem in the conventional method of intermittently expos-
ing two monochromatic X-rays having different energies, can
be avoided.

[0261] Furthermore, the X-ray diagnostic apparatus 1
allows generating X-ray image data using not only number
counting results of X-ray photons counted in energy bands
lower and higher than the K absorption edge, but also number
counting results of X-ray photons counted in other energy
bands. That is, X-ray detection data which are not used for
data processing for the K absorption edge subtraction method
can be used for imaging. Therefore, unnecessary radiation
exposure of the object O can be reduced and data can be
effectively utilized.

[0262] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the meth-
ods and systems described herein may be made without
departing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

[0263] In the above-mentioned example, description has
been made for the case where a table showing appropriate
widths W, and W, , of energy bands corresponding to X-ray
absorbers and imaging conditions, as exemplified in FIG. 10,
is stored in the threshold storage part 33 so that the threshold
setting part 32 can specify threshold voltages, which should
be applied to the respective comparators 24, based on the
corresponding widths W, and W, | of energy bands obtained
from the threshold storage part 33. As another example,
threshold voltages themselves which should be applied to the
respective comparators 24 may be stored in the threshold
storage part 33. In that case, the threshold setting part 32
obtains corresponding threshold voltages, which should be
applied to the respective comparators 24, from the threshold
storage part 33, based on information specifying an X-ray
absorber, obtained from the input circuit 5, and imaging con-
ditions to determine radiation quality of X-ray, obtained from
the control signal generation part 31.

[0264] FIG. 17 shows an example of table showing thresh-
old voltages to be stored in the threshold storage part 33
shown in FIG. 3.
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[0265] As shown in FIG. 17, the threshold voltages TH1,
TH2, and TH3 which should be applied to the comparators 24
can be stored in the threshold storage part 33 as a table for
every imaging purpose, every X-ray absorber to be used,
every tube voltage, and every beam filter to be used. In the
example shown in FIG. 17, the widths W, and W, of energy
bands corresponding to the threshold voltages TH1, TH2, and
TH3 have been also related to the imaging purposes, the
X-ray absorbers to be used, the tube voltages, and the beam
filters to be used.
[0266] When the above-mentioned table is stored in the
threshold storage part 33, the threshold setting part 32 can set
the threshold voltages TH1, TH2, and TH3, corresponding to
information input from the input circuit 5, only by selecting
the threshold voltages TH1, TH2, and TH3 from the threshold
storage part 33. Then, the threshold voltages TH1, TH2, and
TH3 selected by the threshold setting part 32 can be applied to
the comparators 24.
[0267] As a matter of course, each threshold voltage for
determining a boundary of energy bands other than the K
absorption edge can also be stored as a table in the threshold
storage part 33. Then, the threshold voltages TH1, TH2, TH3,
..., THm for performing not only X-ray imaging by the K
absorption edge subtraction method but also usual X-ray
imaging can be specified with referring to a table stored in the
threshold storage part 33.
What is claimed is:
1. An X-ray diagnostic apparatus comprising:
an X-ray tube for exposing an X-ray toward an object;
an X-ray detector for acquiring two X-ray detection data
sets by counting X-ray photons in at least two X-ray
energy bands depending on a K absorption edge of an
X-ray absorber taken into the object, the X-ray photons
having transmitted the object; and
processing circuitry configured to:
input information to specify the X-ray absorber;
set the at least two X-ray energy bands based on the input
information to specify the X-ray absorber; and
generate at least one frame of X-ray image data by data
processing including subtraction processing of the
two X-ray detection data sets, the X-ray absorber
having been depicted in the at least one frame of the
X-ray image data.
2. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to set plural
sets of two X-ray energy bands based on information to
specify X-ray absorbers, the sets of the two X-ray energy
bands depending on K absorption edges of the X-ray
absorbers respectively.
3. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to set the at
least two X-ray energy bands of which boundary is an
energy at the K absorption edge.
4. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to set the at
least two X-ray energy bands of which boundary shifts
from an energy at the K absorption edge in a higher
energy side by a predetermined amount.
5. An X-ray diagnostic apparatus of claim 1, further com-
prising:
a storage circuit configured to store pieces of information
related with X-ray absorbers respectively, the pieces of
information being for determining sets of two X-ray
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energy bands depending on K absorption edges of the
X-ray absorbers respectively,
wherein the processing circuitry is configured to obtain a
piece of the information from the storage circuit, the
piece of the information being for determining two
energy bands corresponding to the information to
specify the X-ray absorber.
6. An X-ray diagnostic apparatus of claim 5,
wherein the storage circuit is configured to store the pieces
of the information for determining the sets of the two
X-ray energy bands, the pieces of the information being
further related with at least one of tube voltages each
possibly applied to the X-ray tube and pieces of infor-
mation identifying beam filters each possibly placed in
an output side of the X-ray tube; and
the processing circuitry is configured to set the at least two
X-ray energy bands based on at least one of a tube
voltage and a beam filter corresponding to an exposure
condition of an X-ray exposed from the X-ray tube.
7. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to:
set at least three X-ray energy bands including at least
one X-ray energy band other than the two X-ray
energy bands; and
generate X -ray image data, having a contrast which does
not correspond to the K absorption edge, based on
X-ray detection data corresponding to at least one of
the at least three X-ray energy bands.
8. An X-ray diagnostic apparatus of claim 7,
wherein the processing circuitry is configured to set at least
one of energy bands in which each energy is higher than
any of the two X-ray energy bands and energy bands in
which each energy is lower than any of the two X-ray
energy bands, the set at least one of the energy bands
other than the two X-ray energy bands having an equal
bandwidth.
9. An X-ray diagnostic apparatus of claim 7,
wherein the processing circuitry is configured to combine
the X-ray image data, in which the X-ray absorber has
been depicted, with the X-ray image data having the
contrast which does not correspond to the K absorption
edge.
10. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to input at
least one of an examination item and information to
specify a contrast agent, as the information to specify the
X-ray absorber.
11. An X-ray diagnostic apparatus of claim 1,
wherein the processing circuitry is configured to:
set two sets of at least two X-ray energy bands based on
information to specify two X-ray absorbers, the two
sets depending on K absorption edges of the two
X-ray absorbers respectively; and
generate four frames of X-ray image data corresponding
to at least the two sets of the two X-ray energy bands.
12. An X-ray diagnostic method comprising:
inputting information to specify an X-ray absorber taken
into an object;
setting at least two X-ray energy bands based on the input
information to specify the X-ray absorber, the at least
two X-ray energy bands depending on a K absorption
edge of the X-ray absorber;
exposing an X-ray toward the object;



US 2016/0073988 Al Mar. 17, 2016
17

acquiring two X-ray detection data sets by counting X-ray
photons in the at least two X-ray energy bands, the X-ray
photons having transmitted the object; and

generating at least one frame of X-ray image data by data
processing including subtraction processing of the two
X-ray detection data sets, the X-ray absorber having
been depicted in the at least one frame of the X-ray
image data.



